ABSTRACT Complicated systems are always required to perform different missions each of which may include several phases. Meanwhile, these systems and their components can get exhausted and deteriorated during the operating processes, which drives systems and components into different states. These systems, which is in possession of the characteristics of multiple states and phased missions simultaneously, are called multi-state and phased-mission systems (MS-PMSs). During the last decade, some scholars have made considerable efforts to study the analyzing methods to the reliability of MS-PMSs. However, compared with the independent researches into multi-state systems or phased-mission systems, the achievement of MS-PMSs is still insufficient. Besides, these studies focused on the modeling methods to the MS-PMSs from the system level and the failure behavior was seldom mentioned. In this paper, by extending our previous studies, two accumulating rules of failure mechanism are provided and a revised hierarchical BDD-based method is proposed to model and analyze the reliability of MS-PMSs. Finally, a simplified realistic example is given to illustrate the using of the proposed method.
I. INTRODUCTION
The multi-state system (MSS) is a kind of system in which both the system and its components may exhibit more than two states (or performance levels) [1] . It is always a hot point that explore a better method to obtain a more accurate estimation result of reliability for a MSS. Recently, Yan Li et al proposed a modeling and analysis method based on discretetime Markov regime-switching. This model is able to depict the evolution process of the dynamic system [2] . Ren Y et al provided a kind of multi-state reliability assessment method based the MDD-GO model. This method is a combination of GO technology and MDD model, which can enjoy both of the merit of these two approaches [3] .
While the diversity of state can derive from the multiple functions of the component or the system, which means the switch among different functions causes the state change, it also can be a result of the degradation and deterioration over time. The degeneration of system state is a typical phenomenon of MSSs [4] .
As another wildly known category, the phased-mission system (PMS) is seized by the characteristic that multiple non-over-lapping phases or tasks of an operation are required to be accomplished in sequence [5] . During each phase, the PMS may suffer from different working and environmental stress, the change of the reliability structure as well as distinct failure criteria. Meanwhile, some failure behaviors, like propagated failures, also emerge special differences compared to the single-mission systems [6] . These uncertain varieties are regarded as the most principal reason of the challenges in analyzing the reliability of a PMS.
In fact, the multi-state and the phased-mission characteristics can be seen in one system simultaneously, which is a multi-state phased-mission system, namely MS-PMS. An example of MS-PMS is the civil airplane that generally involved start-up, acceleration and take-off, climbing, cruise, descending as well as landing and stop. Meanwhile, during these phases, the devices equipped in this airplane are obviously on the process of degradation because of the continuing operation.
During the last decade, some scholars have made considerable efforts to study the analyzing methods to the reliability of MS-PMSs. Shrestha and Xing et al developed a new hierarchical modeling approach to reliability analysis of MS-PMS while addressing the limitation of the popular and effective methods used to analyze the reliability of PMSs with binary-state elements at that moment [7] . After that, more complicated situations about PMSs were researched. They developed their previous models into a new one which is available to the repairable MS-PMSs with ordered or unordered system/component states [8] . By extending an efficient method for the exact reliability evaluation of phasedmission k-out-of-n systems proposed by themselves previously, Levitin and Xing et al provided a recursive algorithm for reliability evaluation of PMSs with arbitrary system structure which is not limited to the k-out-of-n system and non-identical binary-state non-repairable elements [9] . Furthermore, this method was developed again to analyze the reliability of PMSs with the deteriorating multistate elements [10] . Hu and Yang [11] made models for MS-PMSs with multistate fault trees and convert them into BDD-based models to obtain the minimum cut-set and compute reliability and security. Li et al. [12] proposed a MMDD (Multi-state multivalued decision diagram) algorithm for multi-state PMS and PMS-MMDD model, which is stated that the dependency among phases can be fully considered and addressed in the model generation process without additional steps.
However, compared with the independent researches into multi-state systems or phased-mission systems, the achievement of MS-PMSs is still insufficient. Besides, the above studies focused on the modeling methods to the MS-PMSs from the system level. Meanwhile, the failure behavior, like the common cause failure which is the most essential and typical one, was seldom mentioned, which is a common and important phenomenon both in the multi-state systems and the phased-mission ones [13] . In other words, the failure activities and the coupling relationship among different failure modes and mechanisms have not been, at least been observed to be discussed yet.
In our previous studies, two methods to evaluate the reliability of the multi-state systems and the phased-mission systems were proposed, respectively [14] , [15] . These methods depended on the researches of failure mechanism dependence, which has been proposed in another earlier work [16] , and applied the BDD-based approaches to complete the system modeling from the aspect of failure mechanism behavior. Because analyzing reliability from the aspect of failure mechanism behavior is based on physical methods, one of its main advantages is that it can avoid the problem of data deficiency that the traditional statistics-based methods may frequently have to meet [17] . Compared with the BDD-based models used in the studies on the system level, the general model is supposed to be revised to suit the special logic of the failure mechanism behavior. This paper is an extension and destination of the previous work [14] and [15] . Rather than combining the two methods together directly and simply, some new problems are dealt with, which can emerge only when the multi-state and phased-mission characteristics are considered together. First, compared with the accumulation rules proposed in [15] , rules of degradation in this paper are concluded from a different view, which have a more concise form but maintain the same meaning. The reason of the re-conclusion is that the increasing complexity deriving from the co-consideration of the two characteristics expects some simple algorithms during the calculating processes. Second, BDD-based models experience a further revision: on the failure mechanism level, a feedback structure is added to trace the dynamic states; on the phase or mission level, the sink note of the MMDD model is added as well, whose number is equal to the number of the state. By this way, the model size can be concentrated immensely, which can save the store space and the time of modeling generation.
The remainder of this paper is organized as follows. Section 2 presents two accumulating rules of degradation used in the method proposed in this paper. Section 3 illuminates the method to modeling and reliability analysis of the MS-PMS, which includes three levels. Section 4 illustrates the proposed three-level method using a simplified realistic example. Finally, Section 5 concludes this paper. Based on the above assumptions, if the solutions of the equation (1) and (2) are τ A and τ B , respectively, these two solutions are equal to the values of the component life under the independent influence of A and B. The Figure 1 shows an example about the DFs of the main parameter D caused by the FMs A and B, where D 0 is the initial state of D and these two sorts of failure mechanism obey the definition of the NDE FMs.
II. ACCUMULATING RULES (ARS) OF DEGRADATION
In the real-world situation, there are some coupling relationships among different FMs, like A and B, the above mentioned ones. These FMs will always have a mutual and accumulated influence on the degradation, if all of them are the motive of the concession of a certain parameter. Distinct categories of the FM comply with different accumulating rules (ARs), the basic two of which are pointed out in the following sections.
B. THE LINEAR DAMAGING AR
This rule is suitable for the situation where the damaging variables controlled by the respective effects of several FMs are accumulated in a linear way. For a main parameter, the damaging variable refers to the difference between the DF and D 0 .
Suppose that A and B are in the linear damaging AR, the DF of D under their coupling influence is shown as the equation (1), in which λ A (t) and λ B (t) are the damaging coefficient function (DCF) of A and B, respectively. Its ranges and the physical meaning are listed in the Table 1 .
As λ A (t) = λ B (t) = 1, the practical DF of the main parameter D when the separated damaging of A and B are accumulated under the rule written in the equation (1) The equation (1) can be rewritten as the form of equation (2) by merging the formulas on the right of the equal sign with similar items.
According to the equation (2), the linear damaging AR can be extended to the situation where more FMs are included. Suppose that Mi is a random one of the FM group of M i , respectively. Based on the above, the linear damaging AR is extended from the equation (1) to the equation (3), which points out the damaging AR of n FMs.
C. THE LINEAR VELOCITY AR
Compared with the linear damaging AR, the linear velocity AR provides another possibility that the damaging speed, rather than the damaging value, of the main parameter D caused by some FMs complies with a linear accumulating rule. Therefore, this rule is only suitable for the situation where the first-order derivative of the DF is meaningful. To be specific, under the independent influence of the FM A, the damaging velocity function (DVF), which is simply written as D A , is equal to the first-order derivative of |DA(t)-D0|, the damaging distance function (DDF). That is
Similarly, the DVF of D under the unique influence of B is D B . The DVF of D under their coupling influence is shown as the equation (5), where ϕ A (t) and ϕ B (t) refer to the damaging velocity coefficient function (DVCF) of A and B, respectively. The theoretical range of the DVCF value is (−∞, +∞), which has the similar physical meaning with the DCF listed in the TABLE 1.
By integrating the both sides of the equation (5), the practical DF of the parameter D meeting the linear velocity AR can be obtained as the equation (6) .
The (6) is shown as the equation (7).
III. A PROPOSED METHOD TO SYSTEM MODELING
The tool used to generate the system models is the BDD-based methods. The process of system modeling should be divided into three levels. The calculation should be conducted level by level as the order of modeling generation.
• Failure mechanism level On this level, objects of modeling are all failure mechanisms of each component seized by the system. The output of one of these models is the state probability of the corresponding component.
To express the multi-state characteristic, the ability of state judgement should be added into the traditional BDD model. A general model is provided in the Figure.4 .
The sink node S is seized by a judging logic, which is able to point out the present state of the component and produce a feedback signal to adjust the value of corresponding parameter including the unit damage and damage factor. In other words, this kind of BDD model is dynamic to a certain degree.
• Phase level On the phase level, a modified MMDD-based method is used to generate the model for the reliability structure of the system. The count of model is equal to the sum of system structures. Unlike traditional BDD and MMDD models, the model used on this level has a general image shown in the Figure. This kind of modified MMDD model not only has multivalued non-sink nodes, but has multi-valued sink nodes as well. It is more effective and convenient to express and calculate all states both of components and the system in one model, compared with the modeling method proposed in one of our previous work [14] .
• Mission level The general model on the mission level has a similar form with the model of the phase level, which shown in the Figure. 5. The sole distinction between them is the implication of non-sink nodes. Non-sink nodes in the model on the phase level is components, while the nodes on the mission level represent phases.
The value of each non-sink node on the phase and mission level can be obtained by calculating the corresponding model of the previous level and the input of the first level model is the life distribution of failure mechanisms of each phase and state. These data need to be obtained through the PPoF method [18] . More details about the modeling generation are provided in the case study.
IV. CASE STUDY A. DESCRIPTION
An electrical system, which is regarded as a PM-MSS, is required to perform a mission with four phases. Different conditions of operating environment and load among different phases lead to the variety of reliability structure of the system. The Figure.7 (a) shows the reliability structure of the system at phase 1, 2 and 4, while the structure at the phase 3 is given in the Figure.7 (b) . All components in this system have three states including well-operating state (state 1), damaged state (state 2) and failed state (state 3). The system state after finishing the mission depends on the system state at every mission phase.
The Table 2 and Table 3 point out that the definition of the system state at each phase and in the entire mission, where the notation X_Sn means the state n of X . The FMs of all components are listed in the Table 4 . The operating environment of this system includes temperature cycle and vibration. In the Table 4 , VF is vibration fatigue, TF means thermal fatigue, TDDB is an acronym for time-dependent dielectric breakdown and EM is electrical migration. 
B. MODELING GENERATION
Refer to the proposed method described in section III, BDD-based models of the system should be generated from three levels.
• Failure mechanism level The failure mechanism level is the first level of modeling generation. On this level, the value of damage factor VOLUME 6, 2018 FIGURE 9. BDD-based models on the phase level.
should be provided in models. In this case, the damage factor of a failure mechanism is regarded as invariability at all phases, which is marked directly in models, which shown as the Figure. 8.
• Phase level In terms of this case, although the entire mission is seized by four phases, two models are enough to express the relationship of reliability between system and all components on this level. Because the reliability structure of the system is unchanged among phase 1, 2 and 4, which is given in the Figure.7 .
BDD-based models on the phase level are generated as the Figure. 9.
• Mission level According to the definition of the system state, which is listed in Table 2 , the reliability model of this PM-MSS based on BDD tools on the mission level can be obtained as the Figure.10 . C. CALCULATING RESULTS After computing models level by level, some expected simulation results can be obtained. In this paper, two essential reliability curves after finishing the modeling calculation are provided to explain the research findings.
The Figure. 11 (a) shows the state probability when the system only performs the phase 1 during 0 to 650, while (b) is the ultimate results of the system state probability when the system suffers from a phased-mission requirement.
V. CONCLUSION
In this paper, a method is proposed to make modeling and analysis to the reliability of MS-PMSs based on modified BDD and MMDD models. This method focuses on the reliability analysis from the aspect of failure mechanisms. The accumulation of damaging caused by different failure mechanisms is discussed in this paper and two accumulating rules are provided. The linear damaging AR is suitable for the situation where the damaging variables controlled by the respective effects of several FMs are accumulated in a linear way, while the linear velocity AR points out another possibility that the damaging speed, rather than the damaging value, of the main parameter caused by some FMs complies with a linear accumulating rule.
The process of modeling generation is divided into three levels, including the failure mechanism level, the phase level and the mission level. To model and analyze the reliability of an MS-PMS from the aspect of failure mechanisms, the traditional BDD and MMDD are modified to some degree. First, on the failure mechanism level, the traditional sink node 1 is replaced by a new sink node S which has the competence of state judgement and a feedback structure is also added in the model to produce a feedback signal helping adjust the value of corresponding parameter including the unit damage and damage factor. Second, both on the phase and mission levels, the traditional MMDD model is expanded into a new one which has multi-valued sink nodes. It is more effective and convenient to express and calculate all states both of components and the system in one model.
In the last part of this paper, a specific MS-PMS is studied with the proposed method step by step. Three-level models are generated and reliability curves of the case system are obtained as well. The case study provides more details and proves the availability and effectiveness of this method.
Combining the previous studies about multi-state systems and phased-mission systems [10] , [11] , the specifics and challenges about the reliability analysis of MS-PMSs from the aspect of the FM or FM behavior are as the followings:
Compared with the failure behavior, such as the common cause failure and failure propagation, the behavior and coupling among failure mechanisms are more complicated. Besides the logical relationships of AND and OR, some special logic is also needed to be expressed in models. Therefore, finding and studying a suitable model is essential and challenging.
Along with the degradation of the system state and the switching between the phases and missions, the degree of the influence of the same FM on the same point can change. To be specific, these changes may lead to the variation of the parameter value in the physical models or the life distribution functions, which suggests that FMs also have the multi-state and dynamic characteristics.
Because the dispersion of manufacture, the same FM of different individuals in the same batch of products may be in different states; because the uncertainty of missions, the FM behavior is uncertain as well.
In the future, some further researches about the above statements will be done.
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